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PARAMETERS USING DETAILED KINETIC MODELING
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Robert Dibble
University of California, Berkeley

ABSTRACT

This paper uses the HCT (Hydrodynamics, Chemistry and
Transport) chemical kinetics code to analyze natural gas HCCI
combustion in an engine. The HCT code has been modified to better
represent the conditions existing inside an engine, including a wall
heat transfer correlation. Combustion control and low power output
per displacement remain as two of the biggest challenges to obtaining
satisfactory performance out of an HCCI engine, and these are
addressed in this paper.

The paper considers the effect of natural gas composition on
HCCI combustion, and then explores three control strategies for
HCCI engines: DME (dimethyl ether) addition, intake heating and
hot EGR addition. The results show that HCCI combustion is
sensitive to natural gas composition, and an active control may be
required to compensate for possible changes in composition. The
three control strategies being considered have a significant effect in
changing the combustion parameters for the engine, and should be
able to control HCCI combustion.

INTRODUCTION

Homogeneous Charge Compression Ignition (HCCI) engines are
being considered as a future replacement for diesel engines. HCCI
engines have the potential for high efficiency (diesel-like; Suzuki et
al., 1997), very low nitrogen oxide (NO,) and particulate emissions,
and low cost (because no high-pressure injection system is required).
Disadvantages of HCCI engines are: high hydrocarbon (HC) and
carbon monoxide (CO) emissions, high peak pressures, high rates of
heat release, reduced operating range, low maximum power,
difficulty in starting the engine, and difficulty of control.

HCCI was identified as a distinct combustion phenomenon
about 20 years ago. Initial papers (Onishi et al., 1979; Noguchi et al.,
1979) recognized the basic characteristics of HCCI that have been
validated many times since then: HCCI ignition occurs at many
points simultaneously, with no flame propagation. Combustion was
described as very smooth, with very low cyclic variations. Noguchi et
al. (1979) also conducted a spectroscopic study of HCCI combustion.
Many radicals were observed, and they were shown to appear in a
specific sequence. In contrast, with spark-ignited (SI) combustion all
radicals appear at the same time (probably distributed in the same
sequence through the flame front). These initial experiments were
done in 2-stroke engines, with very high rates of EGR.

Since then, HCCI two-stroke engines have been developed to
the point of commercialization for motorcycles (Ishibashi and Asai,
1996). HCCI motorcycle engines have higher fuel economy, lower
emissions and smoother combustion than 2-stroke spark-ignited
engines. However, HC and CO emissions out of the HCCI engine are
still very high compared with the current automotive emissions
standards. An improved version of the engine has been recently
evaluated (Ishibashi and Asai, 1998), which shows improvements in
fuel economy and emissions.

Najt and Foster (1983) did the first HCCI experiment with a
four-stroke engine. They also analyzed the process, considering that
HCCI is controlled by chemical kinetics, with no influence from
physical effects (turbulence, mixing). Najt and Foster used a
simplified chemical kinetics model to predict heat release as a
function of pressure, temperature, and species concentration in the
cylinder.

Since then, a description of the HCCI process has gained
acceptance. HCCI has been described as purely controlled by



chemical kinetics, with little effect of turbulence. Crevices and
boundary layers are too cold to react, and result in hydrocarbon and
CO emissions. Combustion at homogeneous, low equivalence ratio
conditions results in modest temperature combustion products, which
do not generate NO, or particulate matter.

Physical understanding has not resulted in a solution to the
problems of operating a four-stroke engine in HCCI mode. The
control issue appears to be most important. Some alternatives have
been described (Smith et al., 1997; Willand et al., 1998), but further
work is required to identify a general control strategy.

Analysis of HCCI engines is not well developed, even though
the process may be reasonably well understood. Most publications on
HCCI present only experimental results. Of those that present
analysis, some have used a fluid mechanics code (KIVA, Amsden,
1993) with a very simplified chemical kinetics model. The use of
fluid mechanics codes is appropriate in operating conditions such as
PREDIC (early direct injection; Miyamoto et al., 1999), where the
charge is not homogeneous and fuel mixing and evaporation may
have a significant effect in the combustion process. For homogeneous
charge engines, the process is mainly dominated by chemistry, and it
is more important to have a detailed chemical kinetics model than a
fluid mechanics model. Therefore, valuable predictions and results
can be obtained from single-zone chemical kinetics analyses that
assume that the combustion chamber is a well-stirred reactor with
uniform temperature and pressure (Christensen et al., 1998; Aceves et
al., 1999). This is the tool used in this paper. The ideal tool for HCCI
analysis is a combination of a fluid mechanics code with a detailed
chemical kinetics code. This is, however, well beyond our current
computational capabilities.

The concept considered here is a high compression ratio, lean
burn, natural gas engine with homogeneous charge compression
ignition (HCCI). This engine has the potential to achieve high
efficiency and very low NO, emission. The key to achieving this
potential is developing control methods that allow for consistent
operation over the range of operating conditions. Because HCCI
combustion is an autoignition process, the heat release occurs very
rapidly. The major factors that contribute to the initiation of this
autoignition process in an engine cycle are pressure, temperature, fuel
composition, equivalence ratio, and engine speed. These factors are
influence by many operating parameters such as inlet heating,
supercharging, and residual gas trapping. The control methods must
be designed to tune the heat release process to occur at the
appropriate time in the engine cycle.

MODELING OF THE HCCI COMBUSTION PROCESS

A zero-dimensional detailed kinetic model is used here to model
HCCI combustion. A premixed charge at uniform temperature and
pressure is subjected to a change in cylinder volume that depends on
the engine speed and geometry. This kind of model cannot capture
the multi-dimensional processes that occur in a real engine cylinder,
but, since the heat release is a global non-propagating autoignition
process, a zero-dimensional model can reasonably capture the start of
combustion and heat release of the core mixture. Since the start of

combustion of the central core dictates the overall process, control of
this combustion timing will control performance.

All of the modeling computations in this study were carried out
using the HCT model (Hydrodynamics, Chemistry and Transport;
Lund, 1978). This model has been used in a large number of
investigations over the years, and in particular was used in past
studies of engine knock and autoignition (Westbrook, et al., 1991;
Pitz et al., 1991, Westbrook et al., 1988). The HCT code permits the
use of a variety of boundary and initial conditions for reactive
systems, depending on the needs of the particular system being
examined. In the present case, the relevant conditions are those
which describe the bulk gases in the combustion chamber.

Autoignition of a homogeneous charge is virtually identical to
the knock process that can occur in the Otto cycle engine. From
detailed kinetic modeling of motored engines using a homogeneous
charge of a variety of fuels, it is known that the controlling
parameters in the initiation of this process are the fuel components
(mixtures behave differently than neat fuels), and the temperature and
density history that the fuel air mixture experiences. Motored engine
experiments at General Motors Research Laboratories (Curran et al.,
1995, Pitz et al., 1991) agree well with HCT simulation of this
process. Thus if the precise conditions at the start of compression are
known (species, temperature and pressure), the beginning of
combustion can be accurately predicted.

During an engine cycle, a number of processes occur which
influence the time variation of the temperature and pressure of the
bulk reactive gases in the combustion chamber. Piston motion first
compresses and heats the bulk gases and then expands and cools
them. During this time chemical reactions release heat and change
the overall composition of the gases. Fresh unreacted fuel and air are
added to hot residual gases left over from the previous cycle.
Residual gases from previous engine cycles, which consist largely of
water vapor, CO,, and molecular nitrogen and oxygen are assumed
fully mixed with the fresh charge. In addition, heat losses to the
engine chamber walls, blowby, fuel trapping in crevice volumes, and
other processes occur. In the current simulations only heat transfer
losses are taken into account.

The computational model treats the combustion chamber as a
homogeneous reactor with a variable volume. The mixed temperature
of the residual gases and the fresh charge is estimated by a published
procedure (Heywood, 1988). The volume is changed with time using
a slider-crank formula. The heat transfer submodel employed in the
HCT code simulations uses Woschni’s correlation (Woschni, 1967).

The present analysis considers a single zone, lumped model that
ignores spatial variations in the combustion chamber, treating heat
loss as a distributed heat transfer rate, proportional to the temperature
difference between the average gas temperature and a time-averaged
wall temperature. The authors recognize that this is a great
oversimplification of the actual condition within the combustion
chamber. In particular, the boundary layer, which contains
significant mass, must be at a lower temperature than the bulk gas
near TDC. Due to the assumed temperature uniformity our estimates
of burn duration and the heat release processes, will be shorter than in
experiments. That is, the boundary layer and crevices will always



react last and extend the heat release rate compared to this simulation.
Peak cylinder pressure and rate of pressure rise are thus
overestimated with the current single-zone model, and the model
cannot accurately predict CO and hydrocarbon emissions, which
primarily depend on crevices. Predictions of start of combustion and
NO, which depend on the peak temperature of the core gases inside
the cylinder, have been shown to be determined with reasonable
accuracy (Aceves et al., 1999).

Two reaction mechanisms are used in this study. The first
mechanism includes species through C4 (Curran et al. 1995), and
models natural gas autoignition chemistry. The second mechanism is
a reduced set with species through C, and additionally including
dimethyl ether (DME) oxidation chemistry (Curran et al. 1997). Both
mechanisms include NO, kinetics from the Gas Research Institute
mechanism version 1.2 (Frenklach et al., 1995). The chemical kinetic
reaction mechanisms used by the model for methane ignition and
NO, production have been extremely well established and are widely
used.

The simulation is started at BDC where fresh charge at specified
pressure, temperature and composition is inducted into the cylinder.
If EGR is used, the proper fraction of major residual gas components
is added. The cylinder wall, piston and head are all assumed to be at
a uniform 430 K. Chemical reactions are computed explicitly in the
kinetics model. Thermodynamic table values of ¢, and c, are
explicitly calculated to account for enthalpy and pressure changes.
The simulation is stopped at BDC and the indicated efficiency is
computed. The NO values reported are taken at BDC.

RESULTS

Simulations have been performed to look at the effect of several
different control parameters on HCCI combustion. One study uses
the detailed natural gas chemistry model to look at the effect of
natural gas composition on the peak of heat release in an HCCI
engine. Because of the rapid heat release process peak of heat release
typically occurs within 1-2 CAD of start of combustion. The effect of
DME addition, inlet heating, and EGR has also been evaluated with
respect to the control of combustion timing.

In these simulations the best operating point for an HCCI engine
is taken to be peak heat release at TDC. Peak heat release prior to
TDC results in lower efficiency, due to counterproductive early
pressure rise, and higher NO, due to increasing peak temperatures
with earlier combustion. Peak heat release after TDC reduces the
effective compression ratio and the combustion efficiency. Previous
experiments have shown that indicated thermal efficiency peaks
when maximum heat release occurs close to TDC. This is shown in
Figure 1, which has been adapted from the experimental results of
Christensen et al. (1998). There is a potential to trade thermal
efficiency and hydrocarbon emissions for greater power output.
Combustion after TDC may allow for operation at higher equivalence
ratios because the peak cylinder pressure is lower. This possibility is
not considered here.

Effect of Fuel Composition on Combustion Timing
The HCT engine code has been used to assess the effect of

variations in natural gas fuel composition on the start of combustion
in an HCCI operated engine. The engine selected for these
simulations is a 1.9 L engine based on the Volkswagen TDI. The
TDI has a bore of 79.5 mm and a stroke of 95.5 mm. The model
engine has a compression ratio of 18, and the absolute intake pressure
is assumed equal to 2.0 bar. This engine has been selected because it
is an appropriate geometry for a small vehicular engine, and will be
studied in future experimental research.
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Figure 1 — Gross thermal efficiency versus timing for peak
heat release adapted from Lund Institute data
(Christensen et al., 1998).

These fuel sensitivity simulations compare crank angle for
maximum heat release of a natural gas blend relative to a baseline
blend operated in the same conditions. Because methane is the major
component of natural gas, pure methane is the baseline fuel. The
BDC temperature is adjusted so that the peak heat release of pure
methane, for a given equivalence ratio and engine speed, occurs at
TDC. The engine is run with no EGR or residual gas considered and
the BDC temperature at the beginning of the expansion stroke is
specified.

Figure 2 shows the results of methane combustion with
maximum heat release at TDC for three equivalence ratios with
varying engine speed. The figure shows that the BDC temperature
for start of combustion must increase with increasing engine speed.
The shorter reaction time available to achieve combustion at higher
speeds makes it necessary to start the process at a higher temperature
for peak heat release at TDC.

Natural gas is typically a mixture of methane, ethane, propane,
and butane, as well as small amounts of other higher hydrocarbons
and inert species (usually less than 1-2% by volume). Regional and
seasonal factors play a significant role in the specific composition
that a producer delivers. The Gas Research Institute studied the



natural gas composition in the United States (Liss et al., 1992).
Higher hydrocarbons in the fuel cause the autoignition process to
start earlier than for pure methane. Low temperature reactions occur
due to the higher hydrocarbons that do not occur in pure methane,
causing additional charge heating and introduction of radicals well
before TDC. In order to understand the effect of composition on the
ignition process, several compositions of natural gas are tried and the
advance of maximum heat release from TDC relative to pure methane
combustion is determined using HCT. Using the Gas Research
Institute data, several fuel blends have been selected that define a
large range in composition. The natural gas is specified to consist
only of the four primary components: methane, ethane, propane, and
butane. Inert species are neglected as part of the composition
because they add unnecessary complexity with little effect on the
results. Also neglected are hydrocarbons higher than butane, which
typically compose less than 0.1 mole percent of the gas composition.
Table 1 presents the gas blends used for these studies.
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12.00
« phi=0.3, N=1200 RPM
10.00 4 = phi=0.4, N=1200 RPM N
4 phi=0.3, N=3000 RPM s
.
o ]
a 8.00 ’
= A -
@ [ 4
o 6.00 A ) )
% :'5 Maryland Propane-Air Peakshaving
£ N
& 4004 ‘ Texas City #1
? = Massachusettes City #2
, Colorado Station A
2007 ¥~ Ohio
3’ Califomia City #1 Gate Station A
0.00 \{irginia Sta‘tion A : : : :

0 5 10 15 20 25 30 35

40

at TDC
pu

480 +

4 phi=0.5

470 -
460 -
450 -
440 -
430 -
420 -
410 -

Temperature(K) for Ounr

400

1000

1500

2000

2500

3000

3500

4000

4500

5000

Engine Speed (RPM)

Figure 2 — Temperature for TDC peak heat release of pure
methane versus engine speed

Figure 3 shows the advance in maximum heat release for the
different natural gas blends. For a fixed equivalence ratio and engine
speed the BDC temperature that results in maximum heat release at
Using the methane BDC
temperature the crank angle at which maximum heat release occurs

TDC for methane is determined.

for the different natural gas compositions is determined. The advance
is plotted as a function of a figure of merit, which was found to
collapse the data into a single curve. The figure of merit is calculated
by scaling the mole fraction of ethane by a factor of 1/6 and adding
that to the mole fraction of propane and butane. This scaling implies
that the dominant components resulting in early combustion are
propane and butane. The twenty-three natural gas blends of table 1
have been evaluated at each of the three equivalence ratio/engine
speed combinations. The important trend that these simulations show
is the high sensitivity of heat release timing that can be seen for
figures of merit up to 5, a range that represents very typical blends
delivered by gas suppliers.

A second study has been performed to determine what BDC
temperature is required for different gas mixtures to achieve

FOM=(1/6)*(mol%Ethane)+(mol% Propane)+(mol% Butane)

Figure 3 — Crank angle advance of peak heat release
versus fuel composition figure of merit for fuel blends

Figures 3 and 4 indicate that compensation will be required to
account for normal variations in fuel composition across the U. S.,
and a closed loop control system with an indicator of the timing of
heat release may be necessary to account for these variations. It
should be noted that the blends with the most advance are not typical
and would likely occur only during “peak shaving” when a
significant amount of propane is blended into the fuel during heavy
natural gas use periods (Liss et al. 1992).
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Control Methods for HCCI Engines
Three different methods of control have been studied for their

ability to control combustion timing in HCCI engines: DME addition,
intake heating, and EGR. The engine modeled in these simulations is
a Cooperative Fuels Research engine with a bore of 82.5 mm, a
stroke of 114.3 mm, and a connecting rod length of 254 mm. Two
compression ratios are considered: 12:1 and 18:1, with natural
aspiration and 1 bar supercharge. Engine speed is fixed at 1800 rpm.
The methane/DME reaction mechanism is used for these calculations.
The control variable is adjusted so that the peak heat release always
occurs at TDC. This engine and fuel have been selected to
complement experimental research currently underway at UC
Berkeley. Operating conditions have been selected based on
experimental parameters. These results should always be taken as
relative indicators of the performance of the engine with respect to
the control parameters.

Operation of the engine is considered to be constrained by peak
cylinder pressure and NO, emissions. The maximum peak cylinder
pressure is set at 250 bar. This value is higher than the existing limit
in most current engines. However, previous validation of the model
has shown that single-zone HCT analysis overpredicts peak cylinder
pressure, and it is therefore reasonable to use a high value as a limit
(Aceves et al. 1999). The NO, emissions are restricted to 100 ppm.
This limit would result in very low driving cycle emissions if the
engine were used in an automobile.

Dimethyl Ether Additive Control. The additive control
concept presented here is that the autoignition timing may be

controllable by blending low cetane number fuel (natural gas) with
high cetane number fuel (DME). Dimethyl ether is an ideal fuel
additive for natural gas HCCI because has a short ignition delay, and
because DME has similar reaction chemistry to methane and does not
tend to promote soot formation.

Figure 5 shows the results for the addition of DME to the
engine. DME fraction in the fuel, indicated efficiency, indicated
mean effective pressure, peak cylinder pressure, and NO, are plotted
versus intake equivalence ratio for the four different conditions. DME
concentration is always adjusted to achieve peak heat release at TDC.
Residual gases are not considered in this analysis so the charge is
pure fuel and air and therefore the intake equivalence ratio is equal to
the in-cylinder equivalence ratio. The inlet temperature is fixed at
333 K for each case except for the naturally aspirated 12:1
compression ratio. In that case the inlet temperature is increased to
400 K because complete combustion could not be achieved for the
range of equivalence ratio without some inlet heating. Complete
combustion refers to having a significant fraction (say 80%) of the
fuel burned. In practice it is very easy to determine complete
combustion in the single zone model because either very little fuel
reacts or nearly all reacts. The equivalence ratio reported includes
both DME and methane. Complete combustion could not be
achieved for the 12:1 compression ratio cases with equivalence ratio
below 0.3, and could not be achieved for the 18:1 compression ratio
cases below equivalence ratio of 0.25.

The maximum values of the performance variables achievable
during operation may be constrained by peak cylinder pressure and a
specified limit on NO,. As Figure 5 shows, only the supercharged
18:1 compression ratio case approaches the 250 bar peak pressure
limit. In all the cases analyzed, the NO, threshold is the governing
constraint. If greater intake boost is used the pressure limit will
likely play a stronger role. The NOy constraint limits both naturally
aspirated cases and the supercharged 18:1 compression ratio case to
an equivalence ratio of 0.4, while the maximum equivalence ratio of
the supercharged 12:1 compression ratio case is roughly 0.43. The
DME fraction required for the 12:1 cases ranges from slightly over
50% at low load to 30-35% at high load. For 18:1 compression ratio,
the naturally aspirated engine requires 50% DME at low load to 30%
at high load, and the supercharged engine requires 25% at low load to
15% at high load.
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Figure 5 — Simulation results for HCCI control by DME
addition

The indicated efficiencies range from 58% to 60% for 18:1
compression ratio, and from 52% to 54% for the 12:1 compression
ratio cases. The indicated efficiency decreases with increasing
equivalence ratio due to decreasing specific heat ratio and increasing
heat transfer as the equivalence ratio increases. These efficiency



results indicate the potential for high efficiency operation of HCCI
engines.

The imep, in the allowable range of operation, ranges from 10 to
15 bar for the 18:1 compression ratio supercharged case, and from 11
to 15 bar for the 12:1 compression ratio supercharged case. For the
18:1 compression ratio naturally aspirated case the imep ranges from
5 to 7.5 bar, and ranges from 5 to 6 bar for the 12:1 compression ratio
naturally aspirated case. The naturally aspirated maximum imep
results are fairly low, and indicate that supercharging is necessary to
increase the power density. Because the lowest calculated imep
achievable in this control method is 5 bar, throttling may be required
to for idle operation, to balance a typical 1-2 bar frictional loss at
these conditions (Heywood, 1988).

Inlet heating Control. HCCI control by inlet heating involves
adjusting the mixture temperature so that conditions are appropriate

for autoignition of the charge to occur at the desired crank angle. A
heat source, such as an electric heater or air-to-air heat exchanger
with hot exhaust gases would be required in an operating engine.
Figure 6 shows inlet temperature, indicated efficiency, imep, peak
pressure, and NO, plotted versus equivalence ratio for the CFR
engine operated with inlet heating to obtain maximum heat release at
TDC. The mixture at the start of the cycle is fuel and air only with
no residual gases considered. The inlet temperature is the
temperature specified in the cylinder at beginning of the compression
stroke.

The 250 bar pressure constraint is not approached in any of the
simulations. The 100 ppm NO, constraint is reached at equivalence
ratios of 0.31 to 0.32 for all cases. This NOy limit could probably be
extended with some EGR, at the expense of efficiency.
Supercharging and increasing the compression ratio decreases the
required inlet heating and this appears to also reduce the peak
temperature at a fixed equivalence ratio, leading to lower NO, for
these cases. For the 12:1 compression ratio naturally aspirated
engine the simulation results indicate temperatures of about 550 K to
obtain combustion at TDC. Supercharging a 12:1 compression ratio
engine reduces the required temperature down to the range of 525 to
540 K. For the 18:1 compression ratio naturally aspirated case the
inlet temperature required for TDC combustion is in the range of 465
to 470 K, and for the 18:1 supercharged case the inlet temperature
range is 435 to 450 K. With inlet heating, autoignition can be
achieved even at very low equivalence ratio. Compression heats the
intake air, so that little additional heating may be required under
some supercharged conditions. It should also be noted that, in some
cases, increasing the equivalence ratio requires higher temperatures
to achieve TDC peak heat release, due to decreasing specific heat
ratio and chemistry effects.

The indicated efficiency ranges from 55% to 60% for the 18:1
compression ratio cases and from 49% to 54% for the 12:1
compression ratio cases, with the two supercharged cases having
slightly higher efficiency over most of the range than the respective
naturally aspirated cases. Again, these efficiency results demonstrate
the potential for very high efficiency in an HCCI engine.

For the constrained range of operation, the imep ranges from 3
to 8 bar for the supercharged 18:1 compression ratio, 1.3 to 4 bar for
the naturally aspirated 18:1 compression ratio, 2 to 6 bar for the
supercharged 12:1 compression ratio, and 1 to 3 bar for the naturally
aspirated 12:1 compression ratio. The peak numbers suggest that
even more supercharging may be required to achieve reasonable
power density out of a lean HCCI engine. This could lead to the peak
cylinder pressure being the dominant constraint. The low-load imep
results show that frictional work can be balanced by the combustion
work without throttling.
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Figure 6 — Simulation results for HCCI control by intake
heating

EGR Control. Blending the intake fuel-air mixture with hot
residual gases has several effects. First, the residual gases will raise
the charge temperature. Second, the specific heat ratio of the mixture
will decrease resulting in lower TDC temperature and pressure
relative to a pure fuel/air mixture. Lastly, because this is a lean burn
process, the in-cylinder fuel-air ratio will be leaner than the intake
fuel-air ratio by the relationship

o = 1TEGR |
act I_EGR'ZDM in ()



where EGR is the fraction of residual gas in the charge, @;, is the
intake equivalence ratio, and @, is the in-cylinder equivalence ratio.
In an operating engine hot residual gases can be introduced into the
cylinder in several ways. For example, an insulated line could be run
from the exhaust and blended with the intake air or the engine
exhaust valve could be closed early with variable valve timing
control.

Figure 7 shows the EGR fraction, indicated efficiency, imep,
peak cylinder pressure, and NO, plotted versus the in-cylinder
equivalence ratio. The maximum cylinder pressure constraint is not
met in either of these cases. The NOy limit governs the operation
range. The maximum equivalence ratio allowable based on the NOy
constraint ranges between 0.5 for the naturally aspirated 12:1
compression ratio and 0.39 for the supercharged 18:1 compression
ratio. The lower NO, emissions for a given equivalence ratio
compared with the results for preheated intake (Figure 6) are due to
the higher specific heat of the residual gases, which limits the peak
cylinder temperature. The EGR fraction required for TDC peak heat
release decreases with supercharging and increased compression
ratio. The EGR fraction ranges from 60% for low load in the
naturally aspirated 12:1 case to 26% in the 18:1 case at high load.
The left-hand end of each curve on the EGR fraction versus
equivalence ratio plot is the lowest equivalence ratio at which
complete combustion at TDC could be achieved. The lower
operating limit goes to lower equivalence ratio with supercharging
and increasing compression ratio.

Indicated efficiency is higher than 49% in all cases, and reaches
58% for the supercharged 18:1 case. The imep ranges from 2 to 2.5
bar for the naturally aspirated 12:1 compression ratio, from 5 to 6 bar
for the supercharged 12:1 compression ratio, from 3 to 3.7 bar for the
naturally aspirated 18:1 compression ratio, and from 6 to 8 bar for the
supercharged 18:1 compression ratio. Further supercharging or
relaxation of the NO, limit at peak load may be necessary to achieve
reasonable power density. The low-load imep results indicate that
some throttling may be necessary for idle operation.

Discussion of Control Methods. Each of the control methods
analyzed in this paper has the potential to control combustion timing

in an HCCI engine. Some general observations can be made about
how these methods can be applied to HCCI engine control.
Supercharging will be required to achieve reasonable power density.
The intake air compression method, either with a mechanical
supercharger or turbocharger, will need to be able to accommodate a
wide range of pressure ratios, possibly up to 2 bar of pressure boost.
The mechanical pressure limits of the engine will be a more
important constraint with higher levels of supercharging. The
constraint on peak NO, also effects power density. Boosting the
intake pressure and increasing the compression ratio decreases the
quantity of a particular control variable necessary to achieve TDC
combustion, i.e. less DME additive, less inlet heating, or less EGR is
required. Higher compression ratio engines appear to be the best
choice for an HCCI engine, particularly due to the inherent higher
efficiency, although the lower compression ratio engines may better

handle very low loads. Increasing heat transfer is a very important
factor for determining the upper limit of compression ratio as the
crevice height becomes shorter and more of the mixture is in the
boundary layer. A variable compression ratio engine could allow for
a wide range of loads without throttling. A fixed compression ratio
machine with inlet valve timing control could be used to effectively
vary the compression ratio, and with inlet and exhaust valve timing
control the intake and exhaust could be effectively throttled without
pumping losses.
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Figure 7 — Simulation results for HCCI control by EGR

Inlet heating allows for the greatest control of the operating
range particularly at low load. Extremely lean mixtures can be
ignited and very low power output can be produced. However, NO,
rises very rapidly at relatively low equivalence ratio, limiting the low
emission operating range. Implementation of inlet heating could
require additional energy cost to power an external heater,
particularly for startup. In an automotive application requiring the
operator to wait for the intake air to heat up could be an unacceptable
inconvenience. A DME additive scheme has potential for rapid
startup because the fuel composition could be adjusted rapidly to
create conditions necessary for startup. Using DME additive control
may not be practical over the range of operation because it would
require large quantities of both natural gas and DME to be stored.
Also the DME results showed a significant amount of throttling



required for idle. If used only for startup, only a small storage
volume would be required and it could be sized for refill at a
maintenance interval. An EGR-controlled engine could probably
achieve reasonable peak load power with the advantage the exhaust
gas is readily available in a warmed up engine, but, as with inlet

heating, a startup scheme is necessary.

CONCLUSIONS

This paper presents an analysis of natural gas HCCI combustion
using a detailed chemical kinetics code adapted to simulate engine
conditions. Two main issues are analyzed: the effect of natural gas
composition on HCCI combustion; and the use of three control
methodologies for obtaining satisfactory and reliable HCCI
combustion. The three control methodologies used are: addition of
DME, intake gas preheat, and mixing with hot EGR. The conclusions
from the analysis are:

e HCCI combustion is sensitive to natural gas composition, and an
active control will be required to compensate for possible
changes in composition. Changes in natural gas composition
may shift the peak heat release timing by as much as 10 crank
angle degrees. This change would have a significant effect on
emissions, peak cylinder pressure, and efficiency.

e A figure of merit has been obtained that represents to a good
approximation the effect of higher hydrocarbons on HCCI
combustion. The figure of merit dominated by the mole fraction
of propane and butane.

e The three control strategies being considered have a great effect
in changing the combustion parameters for the engine, and
should be able to control HCCI combustion. Optimum HCCI
combustion (defined as combustion that results in maximum
indicated efficiency) can be maintained over a wide range of
operating conditions with these control strategies.

e The results indicate a low power output. Supercharging beyond
current values (2 bar absolute) is necessary to achieve values
comparable to those obtained from spark-ignited engines.
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Table 1 — Fuel blends used for sensitivity analysis study

mol%CHy4 mol%CpHg | mol%C3Hg | mol%C4qHig Notes
100.00 0.00 0.00 0.00
96.50 3.50 0.00 0.00
93.00 7.00 0.00 0.00
86.00 14.00 0.00 0.00
98.30 0.00 1.70 0.00
96.60 0.00 3.40 0.00
93.20 0.00 6.80 0.00
99.30 0.00 0.00 0.70
98.60 0.00 0.00 1.40
97.20 0.00 0.00 2.80
94.10 3.50 1.70 0.70
88.20 7.00 3.40 1.40
76.40 14.00 6.80 2.80
87.15 7.63 3.70 1.53
84.18 14.59 0.90 0.34
60.43 2.01 37.30 0.26|Extreme Peakshaving Blend
93.14 4.61 2.05 0.20|Massachusettes City 2
83.43 1.94 14.40 0.23|Maryland Propane-Air Peakshaving
95.85 3.44 0.51 0.20|Virginia Station A
93.53 4.69 1.36 0.42|Ohio
92.92 4.72 1.64 0.72|Texas City #1
91.06 7.62 1.10 0.22|Colorado Station A
94.21 4.24 1.14 0.41|California City #1 Gate Station A




